has been discovered that involves proteolytic processing of membrane-bound precursors of regulatory proteins. This process, termed regulated intramembrane proteolysis or RIP, appears to be widely utilized and controls a variety of cellular functions (reviewed by OLE1, encoding the ER membrane protein ⌬9 fatty acid desaturase, involves the transcription factor SPT23 (Zhang et al., 1999). We show that this factor is initially Introduction made as inactive precursor, which is anchored to membranes via its C-terminal tail. The active SPT23 transcripCells commonly respond to internal or environmental tion factor is generated by processing from the precursor, cues by changing their gene expression programs. A and we show that the processing step is regulated by frequently used strategy that warrants a rapid cellular unsaturated fatty acids. In contrast to RIP, SPT23 proresponse is to activate or mobilize preexisting pools of cessing is mediated by the ubiquitin/proteasome pathway. dormant transcription factors. This can be accomIntriguingly, the mechanism we describe here exhibits plished by posttranslational modifications or through striking parallels to NF-B precursor processing. catalytic C-terminal region, the so-called hect domain † Present address: New York University,
Acid Levels mentation assays using a temperature-sensitive (ts) rsp5
In order to identify possible targets of RSP5, we transmutant at 37ЊC, which is a stressful temperature for formed the constructed strain with a yeast library exyeast cells. We thus assume that the central WW domain pressing cDNAs under the control of the inducible GAL1-might mediate stress tolerance (see below). In agree-10 promoter. By turning on the promoters, we selected ment with previous findings, we found that the C2 domain of RSP5 is not needed for the vital function of the for colonies that were able to survive the overexpression have recently isolated OLE1 as a high-copy suppressor rsp5 deletion strain grown at 23ЊC was rescued by expression of OLE1 from the GAL promoter or by addition of a SPT23/MGA2 doubly deficient mutant and have shown that the lethality of this strain could be supof oleic acid to the growth medium ( Figure 1D ). In contrast, oleic acid did not suppress the lethality at 37ЊC pressed by the presence of oleic acid in the growth medium. From these data, Zhang et al. concluded that of the rsp5 deletion strain ( Figure 2C ) or of the ts mutants rsp5-1 and rsp5-2 (data not shown). Thus, we conclude SPT23 and MGA2 activate OLE1 transcription and that either of the two transcription factors is sufficient for that the vital function of RSP5 at normal growth temperatures is exclusively its role in activating the OLE1 enthis activity. zyme, thereby providing cells with unsaturated fatty acids (see Discussion). In addition, RSP5 confers stress tolerance, as indicated by the sensitivity of rsp5 mutant cells to high temperatures (see above and the data by Wang et al. [1999] ), amino acid analogs, and heavy metals (Kanda, 1996) . sion and loose viability. By using this mutant, we were These findings together with our results are consistent with a model in which RSP5, UFD1, SPT23/MGA2, and OLE1 function in the same pathway. Indeed, we observed that a rsp5-2 ufd1-2 double mutant is inviable even at the permissive temperature of the respective single mutants ( Figure 2B ) and that this synthetic lethality could be suppressed by adding oleic acid to the medium (data not shown). Importantly, we found that the lethality of rsp5 null mutants could also be suppressed by expression of the truncated clones of SPT23 or MGA2 identified by our ufd1-2 suppressor screen (Figure 2A ). These data not only confirm a functional relationship of RSP5, UFD1, SPT23/MGA2, and OLE1, but they also indicate that RSP5 functions upstream of the two transcription factors. RSP5 and UFD1 are independently required in this pathway as the rsp5 null mutant could not be rescued by UFD1 overexpression and vice versa (data not shown). In contrast to RSP5, whose essential function at normal growth temperatures is exclusively linked to OLE1 activation (see above), UFD1 appears to mediate additional vital functions, since the ufd1 deletion mutant could not be rescued by oleic acid (see Discussion). On the other hand, oleic acid did suppress the temperature sensitivity of the ufd1-2 mutant ( Figure 2C ), suggesting that the defect of this mutant is less severe than that of the ufd1 knockout.
RSP5 Regulates
The most straightforward interpretation of these results is that the ubiquitin system is required for SPT23/ MGA2 activation and hence OLE1 transcription. To obtain direct support for this model, we studied the influence of rsp5 null mutants on OLE1 transcription. Steadystate OLE1 mRNA levels are known to be high in the absence of unsaturated fatty acids but are strongly repressed by, e.g., oleic acid ( soluble from membrane-bound proteins by cell fractionpromoter shut-off experiments using a strain that expresses SPT23 from the GAL promoter (the weak exation. As shown in Figure 4B , the 120 kDa myc SPT23 pression of SPT23, even when transcribed from heterolprotein (p120) was found exclusively in the microsomal ogous promoters, prevented us from using pulse-chase pellet fraction. The protein could not be extracted by protocols). We repressed transcription from the GAL high salt or a high pH buffer but with the detergents promoter by adding glucose to the medium, added Triton X-100 and SDS ( ) lacking this doon the expense of the full-length p120 protein, and thus, main was exclusively found in the soluble fraction (Fig- we conclude that p90 is indeed generated by p120 proure 4B). We also confirmed that the SPT23 homolog cessing. At even later time points also p90 vanished, MGA2 is anchored to membranes via its hydrophobic suggesting that the level of the mature transcription sequence and that it behaves in a similar fashion (M. R., factor is additionally controlled by protein breakdown T. H., and S. J., unpublished data). Given the structural (note the ubiquitination of p90; Figure 6A ). It is important and functional similarity of both proteins, we will primarto mention that expression of a truncated form of SPT23 ily focus on a description of SPT23 in the following. that lacks the transmembrane span (SPT23 ⌬TM ) does not Notably, Western blot analysis using anti-myc antiyield any significant pools of p90 ( Figure 4B ). This finding bodies detected, in addition to the full-length SPT23 confirms that p90 is generated by membrane-associprotein (p120), a collection of closely spaced immunoreated processing but not by alternative expression (e.g., active species of~90 kDa ( Figure 4B ). This set of protranscription or translation) of two different protein speteins, which we collectively termed p90, was exclusively cies or a cotranslational mechanism (see Discussion). present in the soluble fraction ( Figure 4B ). In this context, We used an SPT23 variant ( myc SPT23 HA ) that harbored it is important to emphasize that our selection for highdifferent epitope tags at its N and C terminus. We reacopy suppressors of ufd1-2 mutants specifically yielded soned that the C-terminal tag would allow us to study clones that expressed C-terminally truncated SPT23 the intracellular localization of the p120 precursor (we and MGA2 proteins ( Figure 4A ). All these truncations failed to recover the C-terminal cleavage product probaremoved the putative transmembrane spans from bly because it is rapidly degraded; see Discussion), SPT23 and MGA2 proteins. Most importantly, we obwhereas the N-terminal tag would monitor both the preserved that only expression of the truncated forms of cursor and the soluble p90 cleavage product. By study-SPT23 and MGA2 but not of the full-length molecules ing the immunofluorescence of these proteins using decan rescue the rsp5 deletion mutant or the ufd1-2 strain convolution microscopy, we noticed that the two tags (Figure 2A) . indeed identified different protein pools. SPT23 probed We assumed that the full-length SPT23/MGA2 prowith the C-terminal tag was virtually excluded from the teins are inactive, membrane-bound precursors of the nucleus, and immunofluorescence gave a characteristic active transcription factors, which are liberated by procircular (perinuclear) image indicative of a localization teolytic processing. To investigate whether p90 is inat the nuclear envelope/endoplasmic reticulum ( Figure  5, upper panel) . In striking contrast, SPT23 identified by deed the product of p120 processing, we performed the N-terminal tag was broadly distributed in the cytosol but accumulated most prominently within the nucleus ( Figure 5, lower panel) . These results directly confirmed our hypothesis that SPT23 precursor processing liberates the transcription factor from the membrane, which enables the protein to migrate into the nucleus.
Ubiquitin/Proteasome-Dependent Processing of SPT23 Two-hybrid assays indicate that the RSP5 ubiquitin ligase directly interacts with SPT23 ( Figure 1A, bottom) . Notably, by using truncated versions of RSP5 in the twohybrid assay, we found that the most C-terminal of the three WW domains of RSP5 is sufficient for this interaction ( Figure 1A, bottom) . This result is in full concord with our in vivo analysis of RSP5 that demonstrated that the vital function of RSP5 requires the integrity of the third WW domain (Figure 1A, top) . We thus assume that the third WW domain of RSP5 directly interacts with SPT23, thereby bringing the catalytic hect domain of RSP5 in close proximity to the substrate. To determine whether SPT23 is in fact ubiquitinated, we transformed cells with a plasmid that expresses myc epitope-tagged ubiquitin. Indeed, Western analysis of protein samples obtained by immunoprecipitation of HA-tagged SPT23 revealed two populations of myc-immunoreactive proteins with sizes slightly larger than those of the p120 and p90 species ( Figure 6A ). Together, these data suggest that RSP5 directly ubiquitinates SPT23 and that a severely reduced active proteasome levels (Ghislain et al., 1993). By doing this experiment, we noticed that high temperatures apparently induce SPT23 precursor processing, as indicated by a significant rise of p90 precursors of the transcription factors that drive OLE1 transcription are apparently localized to the same memlevels in WT cells at 37ЊC ( Figure 6B) . In striking contrast, SPT23 precursor processing was nearly blocked in the brane system. Thus, we speculated that SPT23 precursor processing might be controlled by the activity of (leaky) proteasome mutant at this temperature, and MGA2 processing was virtually absent in this mutant OLE1. Specifically, we hypothesized that processing might be influenced by the concentration of unsaturated ( Figure 6B ). Similar results were obtained using a pre1-1 mutant (Seufert and Jentsch, 1992), which has defective fatty acids, the products of OLE1. OLE1 transcription and mRNA stability is known to be repressed by oleic 20S proteasome particles. Thus, we conclude that SPT23 and MGA2 precursor processing is indeed mediacid (18:1) (McDonough et al., 1992; Gonzalez and Martin, 1996). Yet SPT23 processing was not significantly ated by proteasomes and propose that the p90 form of SPT23 and MGA2 is generated by an endoproteolytic influenced by growth for 3 hr in oleic acid-containing media. However, addition of palmitoleic acid (16:1) and cleavage (see Discussion). unsaturated fatty acids that contained more than one double bond, e.g., linoleic (18:2) or linolenic acid (18:3), SPT23 Processing Is Regulated almost completely blocked SPT23 precursor processing by Membrane Composition ( Figure 6C ). Thus, SPT23 processing is indeed strongly Because the provision of unsaturated fatty acids is vital affected by membrane composition or fluidity. for cells, significant levels of active SPT23 are made under normal growth conditions. As shown above, temDiscussion perature is one factor, which influences the balance between precursor and product. Since balanced fatty acid pools are crucial for a variety of functions, we exWe discovered a novel regulatory pathway, which is intriguing with respect to cell physiology and its unique pected additional controls to be operative. Strikingly, the OLE1 enzyme, its substrates and products, and the mode of action. We found that two related transcription This indicates that the insertion into the membrane is mRNA levels are coordinated with cellular growth and indeed important for the processing reaction. We propeak in the late G1 or early S phase of the cell cycle pose that the precursor of SPT23 (or a protein that inter- (McConnell et al., 1990 ). Most importantly, OLE1 tranacts with SPT23) functions as the sensor of membrane scription is regulated by fatty acid pools. Transcription is composition because it is exposed to the membrane only weakly induced (1.6-fold) by exogenous saturated system that is altered by the activity of OLE1. A change fatty acids, but unsaturated fatty acids repress OLE1 in membrane fluidity or composition could induce a contranscription as much as 60-fold (Choi et al., 1996) . Interformational change into the SPT23 molecule or a binding estingly, OLE1 expression is also regulated at the level partner, which thereby could trigger an association of of mRNA stability (Gonzalez and Martin, 1996). SPT23 with the RSP5 ubiquitin ligase. This type of conWe discovered that the ubiquitin ligase RSP5 is retrol would be reminiscent of the pathways that regulate quired for OLE1 activation and demonstrate that the the processing of the membrane-bound precursor of lethality of the rsp5 knockout strain can be suppressed SREBP by sterols ( ., 2000) . This may suggest that generated by a similar endoproteolytic reaction (Lin and Ghosh, 1996) , suggesting that this mode of action might the two transcription factors are activated by additional cellular cues and that the pathway we describe here is be common for proteasomes. In fact, proteasomal degradation sometimes leads to an accumulation of a stable relevant for other cellular functions.
protein fragment (Seufert and Jentsch, 1992) , possibly suggesting that proteasomal degradation is frequently Similarity to NF-B Processing initiated by an internal cleavage. The previously discovered processing reactions of Recently, an alternative model for the generation of membrane proteins (e.g., SREBP, IRE1, Notch, and APP) NF-B p50 has been proposed in which p50 is generated are thought to be mediated by regulated intramembrane cotranslationally (Lin et al., 1998). We believe that we proteolysis or "RIP," involving site-specific, membranecan rule out this possibility for the generation of SPT23 localized proteases (Brown et al., 2000 ; see Introducp90 for at least two reasons. First, our time course expertion). SPT23 and MGA2, however, are processed by a iment established a clear precursor/product relationship strikingly different mechanism that we term "regulated between SPT23 p120 and p90 ( Figure 6B ). Second, coubiquitin/proteasome-dependent processing" or "RUP." translational processing is expected to be independent We have shown that SPT23 directly interacts with the of the intracellular localization of the full-length mole-RSP5 ubiquitin ligase and that it becomes modified by cule, yet we observed that no significant levels of p90 ubiquitination. Most importantly, SPT23 precursor proare generated when a cytosolic SPT23 variant that lacks cessing was found to depend on RSP5 and the proteathe C-terminal membrane anchor (SPT23 ⌬TM ) is exsome. Proteasome action commonly results in the compressed ( Figure 4B ). plete degradation of the substrate protein to small peptides. An exception to this rule is the processing of Role of UFD1, CDC48, and NPL4 p105, the precursor of the p50 NF-B transcription fac-
The role of UFD1 in the SPT23/MGA2 activation pathway tor. Processing of p105 by proteasomes proceeds by a is currently unclear. It is obvious from our genetic data mechanism in which the C-terminal half of the molecule that UFD1 is needed for OLE1 expression and that no is rapidly degraded, whereas the N-terminal portion active SPT23/MGA2 transcription factors are made in (p50) We speculate that CDC48/UFD1/NPL4 may mediate the substrate has to enter the proteasome barrel. An events that act subsequently from the processing reacimportant element in p105 processing is a glycine-rich tion. These could be a release of p90 from the protearepeat within the center of the molecule. SPT23 and some, a dissociation from a putative inhibitor in analogy MGA2 do not possess this element, but both proteins to the NF-B/IB␣ relationship, or a coupling to the have several stretches enriched in asparagine residues. nuclear translocation apparatus. Further genetic and It seems attractive to speculate that these low complexbiochemical studies are expected to distinguish beity domains might promote loop formation. We were tween these possibilities. Given the striking parallels consistently unable to recover a C-terminal cleavage between SPT23/MGA2 and NF-B activation pathways, product of SPT23 (data not shown), and hence we asit is likely that these studies will also significantly influsume that, analogous to the situation for p105, the ence our general view of the control of gene expression. C-terminal tail gets completely degraded. Degradation of SPT23's tail, in contrast, would require membrane was then washed 5 times with 1ϫ TBS, 0.1% Triton X-100. was used to create the rsp5-2 strain. ufd1-2 was constructed by a PCR-based mutagenesis strategy. cim3-1 was a gift of C. Mann; Immunofluorescence pre1-1 was described previously (Seufert and Jentsch, 1992 
